NMR evidence for an inhomogeneous transition between the ferromagnetic and 
antiferromagnetic ground states in Pri-^Ca^MnOs manganites 
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The low temperature behavior of Pri-^Ca^MnOs manganites are known to undergo a transi- 
tion at x ~0.3, from an insulating ferromagnetic state, at low Ca concentration, to an insulating 
antiferromagnetic state. Above the onset concentration for the charge-ordering effect (x ~ 0.3), 
a metal-insulator transition induced by an external magnetic field is also observed and related to 
the collapse of the charge-ordered state. In this paper we show that the ferro-antiferromagnetic 
transition takes place in an inhomogeneous way: around the critical concentration the sample is a 
mixture of ferromagnetic and antiferromagnetic regions. The zero-field NMR measurements show 
that a fraction of the ferromagnetic regions is in a fast hopping regime, which suggests that a small 
fraction of the sample could be metallic, even in zero field. This fraction of fast hopping regions 
is maximal at x =0.3, which is also the concentration for which the insulator-metal transition has 
been observed in the smallest field. 

PACS numbers: 



I. INTRODUCTION 

The mixed- valence manganites AMnC>3, where A is a 
trivalent rare-earth mixed with a divalent alkaline-earth, 
were the subject of an enormous quantity of work |Q, 
in connection with the peculiar magnetic and electri- 
cal properties observed in these systems. Due to the 
competition of several interactions (double exchange, su- 
perexchange, charge ordering, Jahn- Teller effect of Mn 3+ , 
among others), a strong tendency to phase separation, 
with a large phase coexistence between the two phases, 
appears in these compounds. 

In this direction, Allodi et al. investigated the 
La^Ca.MnCb §, (LaMn)i_ x/6 3 §, LaMnOa-, @ 
and Pr .5Sr .5MnO3 |g] manganites, using the NMR tech- 
nique. They stressed out a phase coexistence around 
the transition, from ferromagnetic to antiferromagnetic 
phase, induced by field, temperature or concentration. 
In addition, they observed a peculiar magnetic structure 
revealed by the NMR spectra, signaling an inhomoge- 
neous spin arrangement, possibly due to a coexistence of 
ferromagnetic and antiferromagnetic clusters. Kapusta 
et al. Kumagai et al. j7j and Dho et al. Q enforced 
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the results reported by Allodi and co-workers. 

Particularly interesting is the Pri-^Ca^MnOs system, 
since its phase diagram exhibit a rich variety of mag- 
netic and electronic structures. Following the complete 
phase diagram established by Martin et al. |)| (figure 1), 
a ferromagnetic-insulator phase arises for x<0.27, with 
Curie temperature Tc and magnetic moment at 4 K 
around 100 K and 3.5 /i B /mol Mn, respectively. For 
0.34<x<0.85, an antiferromagnetic-insulator phase arises 
for temperatures typically below 170 K, coexisting with 
a charge-ordering state with onset temperature Tco be- 
tween 200 K for x=0.35 and 100 K for x=0.85, and an as- 
sociated metal-insulator transition induced by magnetic 
field 0, [TT| . A significant loss of magnetic moment, com- 
paratively to x<0.27, is observed for this concentration 
range and this quantity at 4 K reaches 0.01 [i B /mo\ Mn. 
Finally, for 0.27<x<0.35 a remarkable phase competition 
between the antiferromagnetic-insulator charge ordered 
state and ferromagnetic-insulator state arises. Note that 
all values mentioned above are slightly dependent on the 
sample preparation procedure. 

Additionally, we can consider the magnetic and elec- 
trical effects due to Ca 2+ -Pr 3+ substitution as a pure 
valence effect (12), since the A site ionic radius is kept 
constant through the series, i.e., Pr 3+ and Ca 2+ ionic 
radii are rather similar: 1.179 A for Pr 3+ and 1.180 A 
for Ca 2+ However, in this series, even with the 

A size constant, the volume cell decreases as the ratio 



2 



Mn 3+ /Mn 4+ decreases (increasing x), in agreement with 
the relation rMn 4 + < r Mn 3 + [HI- 

In the present work we aim to explore the nature of the 
magnetic ground state through the concentration range 
of phase competition, between the antiferromagnetic- 
insulator charge ordered state and the ferromagnetic- 
insulator state, using, for that, the zero-field NMR tech- 
nique. 



II. EXPERIMENTALS DETAILS 

The samples were prepared by the ceramic route, start- 
ing from the stoichiometric amount of Pr2C>3 (99.9 %), 
CaC0 3 (>99 %) and Mn0 2 (>99 %), and heated in air, 
with five intermediate crushing/pressing steps. The fi- 
nal crushed powders were compressed in cylindrical rods, 
which were sintered in air at 1350 °C during 45 hours, 
with a subsequent fast freezing of the samples. X-ray 
diffraction patterns confirmed that the samples are a 
single orthorhombic phase, with the space group Pbnm. 
The NMR experiments have been performed on 55 Mn us- 
ing a broad band frequency scanning spectrometer with 
phase sensitive detection. Spin echo intensity has been 
recorded every 1 MHz in the frequency range 170-530 
MHz. The spectra were recorded at several values of the 
radio-frequency (RF) excitation field. This procedure al- 
lows to measure the NMR enhancement factor associated 
with the transverse susceptibility of the electronic mag- 
netization and to correct the signal amplitude for this 
enhancement factor. 



III. RESULTS AND DISCUSSION 

Figure 2 displays the spectra observed at 1.4 K for the 
Ca concentrations x =0.20, 0.25, 0.30 and 0.32. Except 
for x =0.20, the observed signal is rather low and the inte- 
gral intensity (figure 3) decreases by a factor 30 between 
x =0.20 and x =0.32. This means that, in the latter sam- 
ples, either the NMR enhancement factor, arising from 
the transverse magnetic susceptibility, is small - as in an 
antiferromagnet - , or that only a part of the sample is 
observed. Actually, the enhancement factor measured on 
the spectra is in the range 50 to 100, which shows that 
the signal arises from ferromagnetic domains. Thus, no 
signal from antiferromagnetic regions could be observed 
at the maximum available RF power. 

In previous works JlJ, [l5| the existence of a small resid- 
ual ferromagnetic component above x =0.3 has been as- 
signed to a possibility of a small canting of the moments 
in the antiferromagnetic state. In such a case, all the Mn 
nuclei would have been observed and the decrease of the 
NMR signal would have been due to the decrease of the 
enhancement factor associated with the decrease of the 
effective ferromagnetic moment. The present measure- 
ments show that the enhancement factor does not de- 
crease. It even increases from 50 to 100 between x =0.20 



and x =0.32. Therefore, we can unambiguously con- 
clude that the samples always contains some ferromag- 
netic parts and that the small residual moment in the an- 
tiferromagnetic state is due to the inhomogeneous char- 
acter of the ferro-antiferromagnetic transition. 

Assuming that the whole sample is ferromagnetic for 
x =0.20, the measured intensity for x =0.32 shows that 
a volume fraction of about 3% of the sample is still ferro- 
magnetic, in agreement with the residual ferromagnetic 
component measured on standard magnetization curves. 
A detailed analysis of the magnetic and thermal proper- 
ties of this Pri_ x Caa;Mn03 manganites is discussed else- 
where | ^6[ . 

Whether the magnetic inhomogeneity of the samples 
is intrinsic or extrinsic is a matter of discussion. In- 
deed, it can be speculated that the residual ferromag- 
netic fraction in the antiferromagnetic phase arises from 
the presence of defects and/or impurities, but, concen- 
tration dependence? However, the intrinsic fluctuations 
of composition in a random alloy can also explain the 
observation as shown below. 

Let us assume that d m is the minimum diameter for 
a statistical cluster to show ferromagnetic or antiferro- 
magnetic order. In other words, d m is a typical coher- 
ence length for the magnetic order. Be n the number of 
formula units within a sphere of diameter d m , and, on 
average, such spheres contain m — nx Ca atoms. Let 
us now assume that x c is the critical local concentra- 
tion, above (below) which the sphere shows an antifer- 
romagnetic (ferromagnetic) coherence. Correspondingly, 
m c = nx c is the critical number of Ca atoms within the 
sphere above (below) which the sphere is antiferromag- 
netic (ferromagnetic). 

However, there are statistical concentration fluctua- 
tions between the spheres. For a sample with nominal 
concentration x, the probability P x ,n(k) to find k Ca 
atoms inside a sphere of diameter d m , is given by the 
binomial law: 
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and the probability Pf (x) to find a ferromagnetic sphere 
is: 



fe=0 



Px,n(k) 
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Considering that n is most probably large, a contin- 
uous approximation for the binomial probability can be 
safely used in the form of the normal distribution: 



P x,n(y) 



exp(- Jr!L ) (3) 



y/2n[x(l - x)]/n ' 2[x{l-x)]/n 



where y — k/n is the local concentration within the 
sphere. The average value (y) — x and variance a 2 = 
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x(l — x)/n of the normal distribution takes the same val- 
ues as those of the binomial law. 

Then, the fraction of ferromagnetic phase in a sample 
with nominal Ca concentration x is : 



F f (x) = / P x , n (y)dy 



(4) 



erf 



2x(l - x) 
erf 



(x c - x) 



+ 



2x{l - x) 



(5) 



where erf is the error function, with x c and n acting 
as free parameters. This function Ff(x) is centered on 
x c , with a width \/x c (l — x c )/n. Although we have 
not enough data points to make an accurate fit, we can 
estimate that the minimum number of formula units 
contained in ferromagnetic clusters is of the order of 
n =150. Additionally, the critical local concentration 
x c = 0.24 above (below) which an antiferromagnetic (fer- 
romagnetic) order is established, was also found. Figure 
3 presents the normalized spectra integral intensity, con- 
sidering that x =0.20 is fully ferromagnetic. The solid 
line is calculated from Eq.||. 

As to the spectral shapes, they are nearly identical at 
both ends of the studied concentration range (x =0.20 
and x =0.32). They show a narrow line at 320 MHz and 
a broad structured hump in the 370-440 MHz range. As 
the samples are insulators, one indeed expects two lines 
arising from the 55 Mn nuclei: a line from the Mn 4+ sites 
around 300 MHz, and a line from the Mn 3+ sites around 
400 MHz. The broadening of the upper frequency line 
is understood as arising from the Jahn- Teller distortion 
around the Mn 3+ sites, which induces magnetic and elec- 
tric anisotropies. However, the observed intensity ratio 
of the two lines is not that expected from the charge 
balance: an intensity ratio of x/(l-x) is expected be- 
tween lower (Mn 4+ ) and upper (Mn 3+ ) frequency lines, 
whereas the observed intensities are about equal. The 
reason for the discrepancy has to be found in the ex- 
istence of a 141 Pr line around 320 MHz. Indeed, the 
141 p r resonance has been identified in this low frequency 
range in a previous study of the Pri-ajCa^MnOa system 
Jl5| |. Then, the expected ratio between the lower (Pr 3+ 
and Mn 4+ ) and upper (Mn 3+ ) frequency lines is 1/(1- 
x), in much better agreement with the observation. Fig- 
ure 4 shows a fit of the spectrum observed for x =0.20, 
using two gaussian lines for Pr and Mn 4+ around 320 
MHz, and a quadrupolar split spectrum including mag- 
netic anisotropy for Mn 3+ , centered at 400 MHz. The 
relative integral intensities of the three lines are in the 
ratio 0.84/0.21/0.75, in rather fair agreement with the 
(l-x)/x/(l-x) ratio expected from the charge balance. 

As mentioned above, the spectrum observed for 
x =0.32 is nearly identical to the one observed for 



x =0.20, even though its integral intensity is 30 times 
smaller. This means that the residual ferromagnetic re- 
gions have a Ca content close to 20 %. The slight change 
of shape of the Mn 3+ line (380-420 MHz) can be ex- 
plained, from the simulation we have made, by a rotation 
of 90 ° of the easy axis with respect to that in the totally 
ferromagnetic sample. 

By contrast, the spectra for the intermediate composi- 
tions are significantly different, as they show a significant 
intensity peaking in the intermediate frequency range 
360-380 MHz (see figure 2). 55 Mn NMR has been ob- 
served in this range in metallic manganites jl7|]. Indeed, 
in samples where the hopping rate is fast (faster than the 
NMR frequency), it averages the hyperfine field for the 
two ionic configurations, resulting in a single line at the 
center of gravity of the two 55 Mn lines observed in in- 
sulating samples. This mere observation shows that the 
two samples with x =0.25 and x =0.30 embed regions 
where the hopping rate is fast, even in zero field. The 
fast hopping signal is maximum for x =0.30, which is 
in agreement with the fact that this sample shows also 
the lowest field for the insulator-metal transition |ficil| . 
Whether the fast hopping regions are metallic or not is 
still an open question. Considering the intensity of the 
fast hopping line, which is at most 1/3 of the total in- 
tensity, one can deduce that it corresponds to a volume 
fraction of 5% for x =0.30. This would be too small a 
fraction to make the whole sample conducting. 



IV. CONCLUSION 

There are already a number of experimental evidences 
for the coexistence of two phases around the various tran- 
sitions exhibited by the mixed-valency manganites sys- 
tems (see Ref.|Q and references therein). The present 
study has shown that this is also the case for the transi- 
tion between the insulating-ferromagnetic state and the 
insulating-antiferromagnetic state in Pri-^Ca^MnOs. 

Although the extrinsic nature of the phase admixture 
cannot be excluded, we have shown that a statistical 
model that takes into account the concentration fluctu- 
ations in a random homogeneous alloy, can explain the 
observed results. The volume fraction of the ferromag- 
netic phase observed by NMR agrees with that calculated 
within the model provided here, where a ferromagnetic 
(antiferromagnetic) order establishes in a statistical clus- 
ter with a local Ca concentration smaller (larger) than 
x =0.24. The minimum coherent size of such clusters 
would correspond to about 150 unit cells. 

In addition, we have evidenced, in a limited concentra- 
tion range of fast hopping, possible metallic regions in a 
virgin samples and zero external magnetic field. The vol- 
ume fraction of these "metallic" regions is, at most, 5 %. 
The maximum fraction is observed for x =0.30, which is 
also the concentration that requires the smaller external 
magnetic field to induce the insulator-metal transition. 
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VI. FIGURE CAPTIONS 

Figure 1 - Magnetic and electrical phase diagram for 
Pri_ x Ca x Mn0 3 , After Martin et at. |§. 

Figure 2 - 55 Mn zero field NMR spectra in 



Pn-zCazMnOa at 1.4 K, for x =0.20, 0.25, 0.30 and 
0.32. This range of concentration cover the region of the 
phase diagram where ferro and antiferromagnetic order 
coexist. 

Figure 3 - NMR integral intensity vs. concentration. 
The closed circles represent the ferromagnetic fraction of 
each sample obtained from the integral intensity of spec- 
tra, whereas the solid line represent our statistical model 
for concentration fluctuations in a random homogeneous 
alloy (Eq|). 

Figure 4 - Zero field NMR spectra at 1.4 K, for x =0.20. 
The solid lines represent the Gaussian fit of each reso- 
nance peak. 
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